1. Introduction {#sec0005}
===============

Osteoporosis is a skeletal bone disease characterized by degeneration of trabecular structure and decrease of bone mechanical property that increases frequency of fracture and hospitalization.[@bib0005] Due to increase rate of mortality after osteoporotic fracture and recurrence of osteoporotic fracture in elderly population, health care to prevent or treat osteoporosis is interest in developmental country to decrease social burden of bone diseases on health system.[@bib0010] The net imbalance of osteoclast bone resorption than osteoblast formation mostly leads to bone loss in osteoporosis and other skeletal bone disease. Since an increase of osteoclast generation or resorption activity is a primary factor of osteoporosis, bisphosphonate drug to directly inhibit osteoclastogenesis is widely prescribed for first line therapy in osteoporosis.[@bib0015]^,^[@bib0020] In addition, estrogen or phytoestrogen treatment targeting osteoclastogenesis by regulating stromal cells has been used to prevent postmenopausal osteoporosis.[@bib0025]^,^[@bib0030] Osteoclastogenesis is mainly regulated by key cytokine, receptor activator for nuclear factor-κB ligand (RANKL), generated from stromal cells.[@bib0035] RANKL binding on RANK receptor of osteoclast progenitor cells initiates TRAF/AP-1/NFATc1 axis through NF-κB or MAPK signaling pathway during osteoclastogenesis.[@bib0040]^,^[@bib0045] Pharmacological approach against RANKL pathway or bone resorption activity has been investigated to develop prevention or treatment of osteoporotic bone diseases.

Pine needle has been used to eliminate wind-dampness, to relax five zang and muscle, to increase circulation of meridian system for treatment of hypertension, gastrointestinal diseases, and urinary diseases in traditional medicine. Previous studies have shown that pine needle has pharmacological effects including blood circulation improvement, anti-oxidant effect,[@bib0050] anti-bacterial effect,[@bib0055] anti-cancer activity,[@bib0060] and anti-inflammation.[@bib0065] Major components identified in pine needle are phenolic acids,[@bib0070] flavonoids such as quercetin, kaempferol, *β*-pinene, camphene, and pro-anthocyanidin.[@bib0075]^,^[@bib0080] In previous study, hexane extract of pine (*Pinus densiflora*) needle increases alkaline phosphatase (ALP) activity and collagen synthesis in MC3T3-E1 cell,[@bib0085] suggesting an anabolic effect of pine needle on bone by promoting osteoblast differentiation. In addition, hexane extract of pine needle (*P. densiflora*) decreases proliferation and tartrate-resistant acid phosphatase (TRAP) activity of osteoclast-like RAW264.7 cells.[@bib0090] However, the *in vivo* effect of pine needle on osteoporosis and the molecular mechanism of pine needle on osteoclastogenesis is still unknown. Therefore, we explored the effect of water extract of pine needle (WEPN) on RANKL-induced bone loss model and RANKL signaling pathways using RANKL-induced osteoclastogenesis model.

2. Methods {#sec0010}
==========

2.1. Preparation of WEPN {#sec0015}
------------------------

Samples of *P. densiflora* were purchased from Yeongcheon herb (Yeongcheon, Korea). A specimen was named as W275 and deposited in the herbarium of Korea Institute of Oriental Medicine. *P. densiflora* (50 g) was immersed in distilled water (1 L) for 1 hour and then extracted by boiling for 3 hours. The extract was filtrated using standard sieves (150 μm), lyophilized, and stored at −20°C. To prepare a water extract of *P. densiflora* needle (WEPN), the lyophilized extract was re-suspended in distilled water and filtered through a sterile filter (0.2 μm).

2.2. Bone loss model {#sec0020}
--------------------

Animal experiments were handled in accordance with the guidelines of the Korea Food and Drug Administration Guide for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee (IACUC) at the Korea Institute of Oriental Medicine reviewed and approved animal experiments for this study (approval number; 12-121). RANKL-induced bone loss experiment was followed as previously described.[@bib0095] There were no significant difference of the initial body weight and health status of specific-pathogen-free ICR mice (7-week-old males, 32.16 [+]{.ul} 4.1 g, total 24 mice) (Samtako Bio Inc., Korea). The mice were randomly divided into four groups (6 mice per group). The mice were intraperitoneally injected by RANKL (1 mg/kg of body weight) or PBS on days 0 and 1. The RANKL-injected mice were orally administered vehicle (distilled water) or WEPN (0.25 g/kg of body weight) twice daily for five consecutive days. All mice were sacrificed at 7 day by cervical dislocation and the femora were isolated for Micro-CT analysis. Micro-CT scanning of the distal femur was performed using the Quantum FX scanner system (PerkinElmer, Inc., MA, USA). Bone parameters including trabecular bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th), bone mineral density (BMD), and trabecular separation (Tb.Sp) were measured between 0.54 mm and 1.46 mm distal to the growth plate.

2.3. Cell culture and enzyme assay {#sec0025}
----------------------------------

Bone marrow-derived macrophages (BMMs) were isolated from femora of mice as previous study. Cytotoxicity of WEPN was evaluated using the Cell Counting Kit-8 (Dojindo, USA) after 2-day incubation with WEPN. Osteoclast differentiation from BMMs (1 × 10^4^ cells/well in a 96-well plate) were induced by BMM cultured with M-CSF and RANKL for 4 days. TRAP activity assay and staining were examined using *p*-nitrophenyl phosphate as a substrate as previously described.[@bib0100]

2.4. Western blot analysis {#sec0030}
--------------------------

After BMMs (4 × 10^5^ cells/well, 6-well plate) were treated with vehicle (distilled water) or WEPN, the cells were lysed in RIPA buffer (Thermo, USA). Total protein (30 μg) were subjected to western blot analysis using specific primary antibodies and secondary antibodies. All antibodies were from Cell Signaling Technology (USA). Chemiluminescent signals were detected with Pierce ECL Western Blotting Substrate (Bio-Rad). The intensities of the bands were analyzed using Image Lab software (version 5.2.1, Bio-Rad).

2.5. Real-time quantitative polymerase chain reaction {#sec0035}
-----------------------------------------------------

Osteoclasts (4 × 10^5^ cells/well, 6-well plate) were treated with vehicle (distilled water) or the indicated concentration of WEPN. Total RNA (1 μg) isolated by spine-column was used for cDNA synthesis with a cDNA synthesis kit (Bioneer Inc., Daejeon, Korea). cDNA were mixed with AccuPower GreenStar qPCR Master mix (Bioneer) and reacted in the CFX96 Touch Real-Time PCR System (Bio-Rad, Hercules, CA, USA). Two qPCR program (CFX manager software Version 3.1, Bio-Rad, USA) was performed. It was consisted of pre-incubation at 95°C activation for 5 minutes, 40 cycles amplification at 94°C for 20 seconds and at 60°C for 40 seconds. An internal control of qPCR was hypoxanthine phosphoribosyltransferase.

2.6. Actin ring staining {#sec0040}
------------------------

To visualize actin rings of mature osteoclasts, the cells were treated with vehicle or sample for 1 hour. The cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and then incubated with phalloidin-TRITC (0.2 μg/mL, Sigma). After PBS washing, the stained cells were observed under an inverted phase contrast fluorescence microscope (IX73, Olympus).

2.7. Statistical analysis {#sec0045}
-------------------------

Statistical significance (*p* \< 0.05) in bone parameters were analyzed by Dunnett test after one-way ANOVA. Statistical significance (*p* \< 0.05) in enzyme activity assay and gene expression level were analyzed by Student *t*-test. Data was presented as means [+]{.ul} standard deviation of three independent experiments except the animal experiment.

3. Results {#sec0050}
==========

3.1. WEPN suppresses RANKL-induced trabecular bone loss {#sec0055}
-------------------------------------------------------

To examine whether WEPN has a protective effect against bone loss, we used RANKL-induced trabecular bone loss model. Intraperitoneal RANKL injections in mouse rapidly induces trabecular bone loss within 5 days. RANKL injections markedly caused acute trabecular bone loss at the distal femoral metaphysis ([Fig. 1](#fig0005){ref-type="fig"}A). But, oral treatment of WEPN (0.25 g/kg) obviously attenuated RANKL-induced trabecular loss. When we analyzed bone micro-structure by micro-CT analysis, RANKL injections induced significant decrease of bone volume ([Fig. 1](#fig0005){ref-type="fig"}B), trabecular thickness ([Fig. 1](#fig0005){ref-type="fig"}C), and bone mineral density ([Fig. 1](#fig0005){ref-type="fig"}D), whether it induced increase of trabecular separation ([Fig. 1](#fig0005){ref-type="fig"}E). WEPN (0.25 g/kg) significantly prevented RANKL-induced alteration of bone micro-structure parameters.Fig. 1WEPN attenuates RANKL-induced bone loss in mice. Mice were orally administrated with WEPN (0.25 g/kg) twice a day for 5 days, and RANKL were intraperitoneally injected on days 3 and 4. Trabecular bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular number (Tb.N), and bone mineral density (BMD) at the distal femoral metaphysis were analyzed by micro-CT scanning. Data are expressed as mean [+]{.ul} SD. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 1

3.2. WEPN inhibits RANKL-induced osteoclastogenesis {#sec0060}
---------------------------------------------------

RANKL induces differentiation of bone marrow-derived macrophages (BMMs) into mature osteoclasts. After BMMs were incubated with RANKL for 4 days, tartrate-resistant acid phosphatase (TRAP)-positive stained multinuclear osteoclasts were formed ([Fig. 2](#fig0010){ref-type="fig"}A). WEPN up to 80 μg/mL obviously decreased TRAP-positive stained osteoclasts without any inhibitory effect on the proliferation of BMMs ([Fig. 2](#fig0010){ref-type="fig"}A and B). WEPN dose-dependently inhibited RANKL-induced TRAP activity in BMM with 80% inhibition at 80 μg/mL, consistent with TRAP staining results ([Fig. 3](#fig0015){ref-type="fig"}C). In addition, when we counted number of multinuclear osteoclasts representing mature osteoclasts, WEPN also inhibited osteoclast formation ([Fig. 3](#fig0015){ref-type="fig"}D). Since we treated WEPN at 0 day, it suggested that WEPN had an inhibitory activity at an early stage of osteoclast differentiation.Fig. 2Effect of WEPN on RANKL-induced osteoclast differentiation in BMMs. BMMs were cultured with vehicle (distilled water) or WEPN (5--80 μg/mL) in the presence of M-CSF (60 ng/mL) and RANKL (100 ng/mL) for 4 days. (A) Cells were stained for TRAP staining. (B) BMMs were cultured with or without WEPN in the presence of M-CSF for 2 days, and cell viability was determined using Cell Counting Kit-8 assay. (C) TRAP activity of osteoclasts were analyzed as described in Section 2. (D) TRAP-positive multinucleated cells containing more than three nuclei and larger than 100 μm in diameter were counted as osteoclasts. \*\*\**p* \< 0.001 vs vehicle-treated control.Fig. 2Fig. 3Effect of WEPN on RANKL signaling pathway in BMMs. (A) BMMs were pretreated with WEPN (80 μg/mL) in the presence of M-CSF (60 ng/mL) for 1 h and then incubated with RANKL (100 ng/mL) for indicated time points. Total cell lysate (30 μg) was subjected to Western blot analysis with the indicated antibodies. (B) mRNA expression levels of c-Fos, NFATc1, TRAP, cathepsin K, DC-STAMP, and carbonic anhydrate were analyzed by qPCR with specific primers. \*\*\**p* \< 0.001.Fig. 3

3.3. WEPN negatively affects RANKL signaling pathways {#sec0065}
-----------------------------------------------------

RANKL signaling axis consist of MEKK/MAPK or NF-κB/AP-1 pathways to induce or stimulate NFATc1 activation. NFATc1 is an essential transcription factor for all stage of osteoclast differentiation by regulating osteoclast specific transcription. To address the effect of WEPN on RANKL signaling axis, we examined MAPK and NF-κB activation that are upstream of c-Fos and NFATc1 expression in BMMs. We found that WEPN decreased phosphorylation of JNK and p65 (Ser536), but slightly increased p38 ([Fig. 3](#fig0015){ref-type="fig"}A). Next, we also evaluated NFATc1-regulated osteoclast gene expression (c-Fos, TRAP, cathepsin K, DC-STAMP, carbonic anhydrate) that are specific for osteoclast differentiation. WEPN significantly downregulated those gene expressions ([Fig. 3](#fig0015){ref-type="fig"}B).

3.4. WEPN inhibits actin ring formation of osteoclasts {#sec0070}
------------------------------------------------------

Actin ring structure is a specific character observed in mature multinuclear osteoclasts. It is needed for migration, polarization of membrane, and bone resorption of osteoclasts. We evaluated the effect of WEPN on actin ring structure of multinuclear osteoclasts generated by RANKL. Osteoclasts treated with vehicle exhibited a circular ring-like structure of actin rings, however, osteoclasts treated with WEPN generated discontinuous and shrunken actin rings ([Fig. 4](#fig0020){ref-type="fig"}A). When we counted multinuclear cells (MNC) with actin ring staining, WEPN significantly decreased MNC numbers compared with vehicle ([Fig. 4](#fig0020){ref-type="fig"}B).Fig. 4Effect of WEPN on actin ring of osteoclasts. (A) Osteoclasts were treated with or without WEPN for 1 h and then stained with phalloidin-TRITC (0.2 μg/mL, Sigma). Representative microscopic images of actin-ring were visualized using an inverted phase contrast fluorescence microscope. (B) Multinuclear cells (MNC) stained were counted.Fig. 4

4. Discussion {#sec0075}
=============

Pine needles have been used in Asian countries as a traditional medicine to treat vascular and gastrointestinal diseases. Anti-osteoclastogenic effect of Pine needles extract on TRAP activity of osteoclast-like RAW264.7 cells suggests the potential activity of Pine needles against bone loss. But, the *in vivo* effect of Pine needles and the molecular mechanism of this activity on osteoclasts remain unknown. In this study, we found the pharmacological effect of WEPN having anti-osteoclastogenic activity on RANKL-induced bone loss model by inhibiting RANKL signaling pathway and osteoclast specific gene expression.

We found that WEPN (0.25 g/kg) significantly attenuated RANKL-induced trabecular bone loss in mice ([Fig. 1](#fig0005){ref-type="fig"}). An intraperitoneal RANKL injection rapidly induces an increase of osteoclast differentiation as well as resorption of mature osteoclasts resided in trabecular bone.[@bib0095] It also induces an increase of osteoblast activity for bone formation coupled with increase of osteoclast activity that results in high rate of bone turnover, acceleration of bone remodeling, and deterioration of bone structural parameter in RANKL-induced bone loss model. We found that WEPN inhibited RANKL-induced osteoclast differentiation ([Fig. 2](#fig0010){ref-type="fig"}). It has also reported an anabolic activity of WEPN to stimulate alkaline phosphatase activity and collagen synthesis of osteoblasts.[@bib0085] Thus, it could suggest that WEPN activity to inhibit osteoclast differentiation and stimulate osteoblast differentiation might contribute to decrease bone turnover rate by de-coupling of osteoclast and osteoblast activity and thereby, attenuate RANKL-induced trabecular bone loss *in vivo*. In addition, high dose of WEPN (0.75 g/kg) did not have protective effect on bone loss as much as low dose of WEPN (0.25 g/kg) although it improved some bone micro-parameter (data not shown). It might be resulted from biphasic effect of active components in WEPN having hormone-like activity or having feed-back inhibition activity.[@bib0105]^,^[@bib0110] Interestingly, the pathological mechanism of bone cells on RANKL-induced bone loss is similar to ovariectomized-induced osteoporosis which is a golden standard model of menopause or post-menopause-induced osteoporosis.[@bib0095]^,^[@bib0115] Regarding the traditional and modern usage of Pine needles as medicinal and edible source in Asia countries,[@bib0120]^,^[@bib0125] the pharmacological activity of WEPN against bone loss ([Fig. 1](#fig0005){ref-type="fig"}) suggest that WEPN could be safe candidate to treat menopause or post-menopause-induced osteoporosis in adult woman. Since we did not directly evaluate the serum level of osteoclast specific marker or osteoclastogenesis from BMM in mice administrated with WEPN, anti-osteoclastogenic activity of WEPN *in vivo* should be further evaluated more in further study.

We found that WEPN inhibited MAPK/NF-κB activation on RANKL-induced osteoclast differentiation from BMM to osteoclasts ([Fig. 3](#fig0015){ref-type="fig"}A). WEPN decreased phosphorylation of JNK and p65 (Ser536), but slightly increased p38 ([Fig. 3](#fig0015){ref-type="fig"}) and did not change phosphorylation of ERK (data not shown). RANKL-induced p38 and JNK phosphorylation by western blot analysis representing its kinase activity is necessary for osteoclast differentiation signaling in BMM.[@bib0130]^,^[@bib0135] But, ERK activation is more responsible for osteoclast survival rather than osteoclast differentiation.[@bib0140]^,^[@bib0145] In classical NF-κB signaling pathway, IκBα phosphorylation and degradation is followed by nuclear translocation of NF-κB complexes containing the p50 and p65 subunits. Recent study of knock-in mice expressing non-phosphorylation form of p65 (Ser536) suggests that p65 (Ser536) phosphorylation is required for negative regulation of NF-κB signaling by the inhibitor of κB (IκB) kinase (IKK).[@bib0150] But, it is also reported that MMK6-p38 signaling participates in RANKL-induced transcriptional activity of NF-κB by stimulating p65 phosphorylation on Ser536,[@bib0130] suggesting the interaction between distinct signaling pathways induced by RANKL. Thus, it could suggest that WEPN negatively affect osteoclastogenesis by altering the cooperated activation of RANKL-stimulated MAPK kinase/MAPK and IKK/NF-κB signaling pathway to regulate NF-κB during osteoclast differentiation.

Previous study reported that water or ethanol extract of pine needle significantly reduces TRAP-positive multinuclear cells from RAW 264.7 cells by stimulating superoxide dismutase activity to scavenge reactive oxygen species (ROS).[@bib0090] RANKL-induced calcium signaling pathway generates ROS to stimulate cAMP response element-binding protein (CREB) to amplify NFATc1 expression for progress of osteoclast differentiation.[@bib0155]^,^[@bib0160] As stimulatory signaling on osteoclast differentiation, MAPK/NF-κB activation is also necessary for an early induction of NFATc1 expression that further stimulates auto-amplification of NFATc1 with other co-stimulatory transcription factors.[@bib0165], [@bib0170], [@bib0175] This transcriptional complex cooperate to increase osteoclast-specific gene expression in osteoclasts.[@bib0040] Thus, the result of this study suggests that WEPN could target different signaling components to inhibit NFATc1 induction (MAPK/NF-κB signaling) as well as NFATc1 amplification (CREB signaling) in RANKL signaling pathway during osteoclast differentiation. Considering WEPN inhibition on stimulatory signaling of NFATc1, it might be possible that WEPN might affect suppressive signaling pathway such as IFN-β to negatively control NFATc1 expression or activation during osteoclast differentiation.[@bib0180]

We found that WEPN inhibited TRAP-positive actin ring formation of multinuclear osteoclasts ([Fig. 4](#fig0020){ref-type="fig"}A). Actin ring structure is dynamically changed for osteoclast adhesion, migration, and resorption on bone surface. Several actin regulatory proteins such as Rho and c-Src and osteoclast specific genes such as DC-STAMP and cathepsin K play an essential role to generate actin ring and to degrade collagen during resorption process.[@bib0185] We found that WEPN significantly inhibited RANKL-induced expression of DC-STAMP and cathepsin K ([Fig. 3](#fig0015){ref-type="fig"}B) as well as inhibited MNC formation of osteoclasts ([Fig. 4](#fig0020){ref-type="fig"}B). Thus, it could suggest that WEPN inhibition on actin ring formation of multinuclear cells and resorption gene expression might contribute to suppress bone resorption activity of residing osteoclasts to attenuate RANKL-induced bone loss *in vivo*.

In conclusion, the results of this study demonstrated the inhibitory activity of WEPN against RANKL-induced bone loss and osteoclast differentiation. These data may be helpful for understanding the pharmacological mechanism of pine needle on traditional medicine and provide therapeutic potential of pine needle for treatment of osteoporotic bone diseases.
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